ABSTRACT. The aim of this study was to screen the visual system homeobox 1 (VSX1) gene in Turkish patients with keratoconus (KC). The patient group consisted of 44 patients who had undergone corneal transplant surgery before the age of 30, for advanced and rapidly progressive KC. The control group comprised 250 healthy individuals. We detected two missense mutations, D144N and D295Y, in exon 2 and exon 5 of the VSX1 gene, respectively, using next-generation sequencing analysis. The pathologic effects of the D144N and D295Y missense mutations on protein function were determined with bioinformatic 2 H. Bardak et al.
INTRODUCTION
Keratoconus (KC) is a progressive degeneration, thinning, and anterior protrusion of the cornea that results in myopia and irregular astigmatism, leading to low vision (Moreira et al., 2013) . The prevalence of KC varies among different ethnic groups. Studies suggest that the prevalence and incidence rates of KC are much higher in Asian populations than in Caucasian populations (Georgiou et al., 2004) . The estimated incidence of KC varies between 1 in 500 and 1 in 2000 individuals in any general population, and the estimated prevalence is 54.5 per 100,000 individuals (Rabinowitz, 1998) .
As KC mainly affects working-age adults, the magnitude of its impact on public health is more severe than would be expected, given its prevalence and clinical severity. KC is associated with a significantly impaired vision-related quality of life that continues to decline over time. It is one of the major indications for corneal transplant (Kymes et al., 2008) .
The disease usually appears during puberty or the early 20s and stabilizes by the fourth decade of life (Rabinowitz, 1998; Ertan and Muftuoglu, 2008) . Although KC affects both genders, it develops earlier and progresses more rapidly in men than in women. It is usually a bilateral disease (Georgiou et al., 2004) .
Clinical signs of KC are well known. The V-shaped indentation observed in the lower eyelid during downward gaze (Munson's sign), the sharply focused light beam near the nasal limbus produced by lateral corneal illumination (Rizzuti's sign), a scissoring reflex, and an oildroplet reflex (Charleaux sign) are all highly suggestive of KC (Rabinowitz, 1998) . Corneal clouding, corneal edema, and acute hydrops caused by sudden breaks in Descemet's membrane can also be observed in KC patients. Additionally, Fleischer's ring can be seen around the base of the corneal cone, formed by hemosiderin accumulation. Moreover, prominent corneal nerves, corneal ectasia accompanied by thinning, subepithelial and anterior stromal scars in Bowman's membrane, and fine parallel lines in the posterior stroma (Vogt's striae) are visible in slit-lamp examination of KC patients (Rabinowitz, 1998) . Corneal topography provides early and accurate clinical diagnosis of KC (Gomes et al., 2015) .
The pathologic findings in KC are epithelial thinning, thickening of basement membrane, defects in Bowman's layer, stromal scarring, apoptosis, decreased subbasal nerve density, loss of stromal collagen, and decreased keratocyte density (Gomes et al., 2015) .
The exact cause and pathogenesis of KC are incompletely understood (Wheeler et al., 2012) . The complex interaction between genetic and environmental factors contributes to the clinical manifestation of KC. Frequent eye rubbing, use of contact lenses, and exposure to ultraviolet light are mentioned among the environmental factors relevant to KC, and although most diagnosed cases are sporadic, KC can be heritable (Arnal et al., 2011) . High concordance in monozygotic twins and a significantly higher prevalence of KC in first-degree relatives of KC patients, than in the general population, both indicate a genetic basis for the disease (Wang et al., 2000) . Around 6-23% of the KC patients exhibit a family history with an autosomal dominant or recessive pattern of inheritance (Moreira et al., 2013) . KC may also coexist with several rare genetic disorders, including atopy, vernal keratoconjunctivitis, retinitis pigmentosa, Leber congenital amaurosis, mitral valve prolapse, Down syndrome, and noninflammatory connective tissue disorders, such as Ehlers-Danlos syndrome, osteogenesis imperfecta, and joint hypermobility (Rabinowitz, 1998; McGhee, 2009) .
Through traditional linkage analysis and candidate gene screening, researchers have identified several loci on different chromosomes linked to KC. However, none of these loci was definitely confirmed as KC-associated genetic factor. There is still a need for replication of these results in other KC families and patients (Davidson et al., 2014) . Genome-wide association studies (GWAS) are a powerful tool to investigate the genetic factors of complex traits and diseases like KC (Li et al., 2012; Cuellar-Partida et al., 2015) . Previous GWAS conducted on both European and Asian populations have identified 11 central corneal thickness (CCT)-associated loci, including common single nucleotide polymorphisms (SNPs) 100 kb upstream of zinc-finger protein 469 (ZNF469) gene, which is most strongly associated with CCT (Cornes et al., 2012) . Homozygous mutations in ZNF469 are also known to cause brittle cornea syndrome type 1, a rare connective tissue disorder characterized by extreme thinning and fragility of the cornea such that it may rupture even in the presence of minor trauma, leading to blindness (Christensen et al., 2010) . The association of ZNF469 with CCT in GWAS suggests that this gene may be involved in the synthesis or organization of corneal collagen fibers.
One of the main candidate genes for KC is the visual system homeobox 1 (VSX1) gene. The protein product of this gene plays a role in craniofacial and ocular development. VSX1 is a paired-like homeodomain transcription factor gene localized to chromosome 20p11.21. Its expression has been observed in the corneal and retinal cDNA libraries (Semina et al., 2000) , the inner nuclear layer of the human retina, and the embryonic craniofacial tissue (Hayashi et al., 2000) . The human VSX1 gene has five exons that encode for a 365-amino-acid protein with a homeobox DNA-binding domain and a Chx10/Vsx-1 and ceh-10 domain, which is highly conserved among vertebrates (Shetty et al., 2015) .
Several mutations of the VSX1 gene (e.g., R166W, L159M, D144R, and H244R) have been identified in patients with KC phenotype (Héon et al., 2002; Mok et al., 2008; Paliwal et al., 2011) . However, it is not confirmed that these mutations cause KC (Liskova et al., 2007; Paliwal et al., 2011) . Hence, the genetic basis of KC is still unclear (Paliwal et al., 2011; Jeoung et al., 2012; Vincent et al., 2013) .
Our study results might provide new genetic markers for KC. With confirmed genetic markers, genetic testing for KC may lead to early diagnosis, help with risk assessment and levels of prevention involving environmental factors, and even lead to a more effective treatment of KC.
The aim of this study was to screen the VSX1 gene using next-generation sequencing (NGS) in Turkish patients who had undergone corneal transplant surgery before the age of 30 for advanced and rapidly progressive KC. To the best of our knowledge, this is the first study screening the VSX1 gene in Turkish population.
MATERIAL AND METHODS

Patient recruitment
The study was approved by the Local Ethics Committee of the School of Medicine, Süleyman Demirel University. Written informed consents were obtained from each participant. The patient database of the Department of Ophthalmology, Haydarpaşa Numune Training and Research Hospital, was searched to identify KC patients who had undergone corneal transplant surgery. The inclusion criterion was a rapidly progressive KC requiring corneal transplant surgery by the age of 30. Eligible patients were invited to participate in the study.
KC diagnosis was based on a patient history of decreased vision in one or both eyes caused by progressive irregular astigmatism, corneal thinning, and protrusion detected by slitlamp examination. Abnormal corneal steepening was confirmed using a Scheimpflug camera combined with Placido discs (Sirius, CSO, Italy).
DNA collection
The study group included 44 advanced KC patients from Turkey. The control group consisted of 250 unrelated healthy Turkish subjects, with exome sequencing data. All peripheral blood samples were collected at the Department of Ophthalmology, Haydarpaşa Numune Training and Research Hospital, where patients were diagnosed with KC based on clinical investigations. Genomic DNA was isolated from peripheral blood using Realpure Spin Kit (REAL, Durviz, Spain), following manufacturer protocols. Using NGS, all coding exons of the VSX1 gene and their flanking splice site junctions were analyzed.
Targeted NGS
VSX1 gene sequencing analysis was performed using the MiSeq NGS platform (Illumina Inc., San Diego, CA, USA). Concentration and purity of DNA samples were quantified using ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA), and the DNA samples were used at 50 ng/µL concentration for analyses. Exons 1-5 of the VSX1 gene and their flanking splice site junctions were amplified using PCR primers designed with Primer Designer v.2.0 (Scientific & Educational Software). PCR products were validated using agarose gel electrophoresis. Additionally, PCR products for each individual were mixed to create PCR pools, which were then purified and quantified. Purifications were done using a NucleoFast ® 96 PCR kit (Macherey-Nagel GmbH & Co. Düren, Germany), and purified PCR products were quantified using ND-1000 spectrophotometer. Quantified PCR pools were standardized to 0.2 ng/µL. The libraries were prepared with the Nextera XT DNA sample preparation kit (Illumina Inc.), following the manufacturer instructions.
RESULTS
Patients
There were 20 female (46.7%) and 24 male (53.3%) patients in the KC patient group. The average age of the patient group was 25.30 ± 2.74 years (range, 23-32 years). Age and gender distribution of the control group were similar to that of the patient group (P > 0.05).
DNA sequence analysis of VSX1 by NGS
In the patient group, four genetic variations in the coding exons of the VSX1 gene and their flanking splice site junctions were detected using NGS. Two of the four genetic variations (rs8123716 and rs12480307) were recorded variations (http://www.ncbi.nlm.nih.gov/projects/ SNP/, accessed on March 1, 2016; http://www.hgvs.org/mutnomen/, accessed on March 1, 2016). The other two previously undescribed variations were missense mutations in exon 2 (D144N) and exon 5 (D295Y). In the control group, five different genetic variations were detected, two of which (rs8123716 and rs12480307) were synonymous with the variations in the patient group (Table 1) . 
Predicting possible impacts of non-synonymous variants
SIFT, PolyPhen, and MutationTaster bioinformatic analysis tools were used to predict the effects of the two non-synonymous variations, detected in the patient group, on protein function (Adzhubei et al., 2010; Schwarz et al., 2014) .
The pathologic effect of the D144N missense mutation on protein function was predicted by all three tools. The D295Y missense mutation was predicted to affect protein function by SIFT and PolyPhen analyses, but was predicted as a polymorphism by MutationTaster (Table  2 ). In addition, aspartic acid at the 144th position was more preserved than the aspartic acid at the 295th position of the VSX1 protein, among species (Figure 1) . 
DISCUSSION
Studies have shown that genetic and environmental factors may be involved in the pathogenesis of KC, but its exact etiology and pathophysiology are unknown (Tanwar et al., 2010) . Atilano et al. (2005) reported high level of mitochondrial DNA deletions leading to increased oxidative stress in the corneal tissue of KC patients. Lema and Durán (2005) showed higher levels of inflammatory molecules, matrix metalloproteinase 9, interleukin 6, and tumor necrosis factor-α in the tear film of KC patients than in the control group, indicating that chronic inflammation might be related to pathogenesis of KC. Matthews et al. (2007) found more apoptotic cells in the corneas of KC patients than in those of unaffected individuals, which may be related to matrix metalloproteinase inhibition by tissue inhibitor of matrix metalloproteinase (TIMP) 1 and TIMP3. De Bonis et al. (2011) found no mutational variants of TIMP3 in 302 unrelated Italian KC patients.
In this study, we analyzed the VSX1 gene in 44 unrelated KC patients and 250 healthy controls with exome sequencing data. VSX1 mutations were first reported in 2002 in patients with posterior polymorphous corneal dystrophy and KC, and initially, two mutations, R166W and L159M, were identified in KC patients (Héon et al., 2002) .
VSX1 encodes a paired-like homeodomain protein, which binds to the core of the locus control region of the red and green visual pigment gene cluster and may regulate the expression of the cone opsin genes during embryonic development (Ohtoshi et al., 2004; Watson and Chow, 2011) . It is expressed in several ocular tissues, including the retina (Hayashi et al., 2000; Semina et al., 2000; Héon et al., 2002) . Lv et al. (2015) recently cloned the muscle segment homeobox C (MsxC) gene of the fish Hemibarbus labeo. Sequence analysis of MsxC revealed motif characteristic of the homeobox domain family, whereas whole-mount in situ hybridization showed that MsxC is expressed primarily in the myosepta and brain. In vertebrates, MsxC participates in the regulation of mesenchymal cell differentiation during bone formation. Lv et al. (2015) Figure 1. In VSX1 protein, the aspartic acid at the 144th position (a) was more preserved than the aspartic acid at the 295th position (b). therefore concluded that MsxC might have a role in epithelium-mesenchyme interactions during intermuscular bone formation in H. labeo.
Previous studies in humans and mice did not confirm the expression of VSX1 in the cornea (Héon et al., 2002; Watson and Chow, 2011) . Moreover, mouse models with a loss of VSX1 function did not show cornea-related phenotypes (Ohtoshi et al., 2004) . Since the original report by Héon et al. (2002) , other researchers have examined VSX1 mutations in KC patients (Gajecka et al., 2009; Abu-Amero et al., 2011; Saee-Rad et al., 2011) . Most of the identified variants are polymorphic (Wheeler et al., 2012) , and it remains unclear whether VSX1 mutations contribute to the pathogenesis of KC (Romero-Jiménez et al., 2010) . It is possible that VSX1 mutations affect only a very small percentage of KC patients, which is consistent with the concept of genetic heterogeneity of KC.
Whole-genome/exome sequencing is useful in the identification of causal mutations in multiplex families with KC (Bamshad et al., 2011; Bick and Dimmock, 2011) . Previously identified linkage regions can be helpful in understanding exome or genome sequencing data. The genetic heterogeneity of KC requires the identification and replication of novel genetic mutations; therefore, our results might help clarify the genetic basis of KC. The VSX1 variants reported in various studies include p.L17P, p.D144E, p.N151S, p.L159M, p.G160V, p.G160D, p.R166W, p.Q175H, p.H244R, and p.P247R (Hayashi et al., 2000; Héon et al., 2002; Mok et al., 2008; Paliwal et al., 2011) .
We analyzed coding exons 1-5 of the VSX1 gene and their flanking splice site junctions and found two new mutations in two patients (case 16 and case 43). Both cases appeared to be sporadic, as we found no other instances of KC among their family members.
To prevent false positive and false negative results of bioinformatic analysis, we used three different bioinformatics tools, SIFT, MutationTaster, and PolyPhen.
With the increased utilization of high-density SNP arrays and whole-genome/exome sequencing technologies, it will become possible to apply genome-wide approaches to identify causal genetic variants in both familial and sporadic forms of KC at a more rapid pace. Until then, the molecular pathogenesis of KC remains heterogeneous.
In this study, two novel mutations of VSX1, D144N and D295Y, were found in two unrelated KC patients. It was shown that the aspartic acid at the 144th position was more preserved than the aspartic acid at the 295th position of the VSX1 protein, among species. It was also found that the D144N and D295Y mutations might play a role in the etiopathogenesis of KC disease.
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